The year 2001 marks the dawn of the third millennium and a new epoch in the "genomic era". It is with great expectation that we integrate drug discovery and genomic technologies to advance our understanding of disease and our capability to create yet more effective and safe medicines. In retrospect, the past 50 years have witnessed tremendous achievements in chemistry, biology, and informatics that have accelerated the process of drug discovery. More recently, such examples include combinatorial chemistry, high-throughput biological screening, and structure-based drug design. Similarly, a plethora of genomics technologies is contributing to an emerging "genes to drugs" concept that will significantly impact the next generation of therapeutics, including small-molecule and peptide-based drugs, recombinant proteins, vaccines, monoclonal antibodies, antisense RNA, ribozymes, and DNA. Collaborative networks among pharmaceutical and biotechnology companies, academic and/or government research groups, are combining their strengths and resources toward an amalgamation of drug discovery and genomics technologies. In this first column for this new section of BioTechniques entitled "Drug Discovery and Genomic Technologies", I will touch upon a few points to highlight recent progress in unraveling the human genome, exploring the genetic basis of disease, and integrating genomic technologies and drug discovery. Future columns will provide more focused perspectives on the critical elements and scientific approaches that are key to bringing the "genes to drugs" concept into reality.
Unraveling the Human Genome
In 1990, the Human Genome Project (4) was launched in the United States as a multinational, 13-year effort to accomplish several goals, including the identification of an estimated 100 000 genes in human DNA and the determination of the sequence of the approximate 3 billion chemical base pairs that constitute human DNA. Additional objectives involve informatics (databases), technology transfer (e.g., to the private sector), and responsibility to address other issues (e.g., ethical, legal, and social) that may arise from this project. In 2000, it was acknowledged that the Human Genome Project and an independent effort at Celera Genomics, a private company, had accomplished to a significant measure the sequencing of the human genome. However, the complete annotation, sequence database editing for error corrections, and identification of genes and their functions remain to be determined. The latter point, indeed, provides the basis to fully understand the genetic basis of disease and a systematic approach to further identify the proteins involved (proteomics) and their overall manifestation in vivo (functional genomics). In other words, the best is yet to come as science, technology, and medicine forge ahead toward deciphering the human genome from the standpoint of chemical structure to that of biological activity. To date, a physical map of more than 30 000 human genes, including most genes that encode proteins of known function, has been determined (6) and provides a resource tool for analysis of complex genetic traits, positional cloning of disease genes, cross-referencing of mammalian genomes, and validating human-transcribed sequences for largescale studies of gene expression. As related to informat- ics, accessibility to databases will be key to the success of exploiting the sequence of the human genome. Examples include genome mapping databases, nucleic acid and protein sequence databases, and nucleic acid and protein structural databases. The complete sequences of several microbial and animal genomes, including the human genome, have been determined (Table 1 ). These efforts include major milestones such as the first complete genome of a free-living organism, Haemophilus influenza Rd, and that of the first eukaryote, the yeast Saccharomyces cerevisiae. With respect to drug discovery, it is thought that such microbial genomic information may lead to the identification of new targets, especially those that may not give rise to drug resistance, such as that which has emerged among many existing antimicrobial agents. The recent achievement in sequencing the complete genome of the nematode Caenorhabditis elegans has revealed more than 19 000 protein-coding genes, including a significant number of seven-transmembrane receptors, protein tyrosine and serine/threonine kinases, zinc fingers, RNA recognition motifs, protein tyrosine phosphatases, ion channels, and other intracellular signal transduction and gene-related proteins (7) . Ultimately, the human genome will be mapped to determine the predicted 100 000 protein-coding genes and their correlation to disease states at the genetic level. Also, as relevant to drug discovery in terms of animal models of disease, the National Institutes of Health has recently launched a major research effort (Mouse Genome Sequencing Network) to decipher the mouse genome, which is anticipated to be completed by 2005.
Exploiting the Genetic Basis of Disease
There is no question that molecular biology has served to revolutionize the drug discovery process over the past two decades and continues to provide momentum for the development of a greater armamentarium of genomic technologies. Indeed, the application of molecular biology to identify drug targets, decipher complex disease mechanisms, and support biochemical screening and structural determination studies is particularly important. In determining the genetic basis of disease, some success has been achieved relative to target validation using transgenic animals involving deletion, addition, or mutation of specific genes to produce phenotypes that manifest a particular disease (Table 2) . Gene deletions may be used to mimic the effects of a single gene defect or the physiological function of a specific gene product. In mice, for example, deletions of either c-Src, a tyrosine kinase, or cathepsin K, a cysteine protease, result in osteopetrosis (14, 15) , while the deletion of osteoprotegerin results in osteoporosis (2) . Gene additions may be used to analyze the pathophysiological consequences of inappropriate protein expression. Such studies may utilize constructs carrying sequences of proto-oncogenes, growth factors, and cell-surface antigens that are under transcriptional control of heterologous promoters (10, 12) . For example, recombinant methods used to prepare a bcr-abl gene fusion in mice have been shown to mimic the Philadelphia chromosome translocation that results in leukemia (8) . Finally, gene mutations may give rise to loss of function or, in some cases, constitutive activity. Several independent gene mutations in mice (each effecting loss of function) result in obesity syndrome. These include mutations in the melanocortin-4 receptor (9), leptin (22) , and the leptin receptor (19 Comprehensive compilations of animal (e.g., mouse) gene knockout and mutation data exist, and such information provides insight toward transgenic animal models to study disease. Nevertheless, the correlation of genetic mutations to pathogenesis poses significant challenges to drug discovery, especially considering the approximately 5000 inherited diseases known in humans.
Integrating Drug Discovery and Genomic Technologies
The "genes to drugs" concept is fundamentally based on gene identification and target validation. Some major genomic technologies for gene identification include expressed sequence tag (EST) sequencing, secreted protein analysis, differential display, expression profiling, and positional cloning (20) . These gene identification methods vary significantly in terms of throughput (genes/year) and relevance to disease. In general, the EST and secreted protein approaches rank among the most likely to identify therapeutic targets. More specifically, EST methods facilitate the ability to sift through relatively large numbers of novel gene sequences for subsequent selection of targets on the basis of homology to known classes of drug (e.g., G-protein coupled receptors, ion channels, secreted protein hormones, kinases, and proteases). With respect to target validation, key genomic tools include transgenic knockouts, ribozymes, antisense oligonucleotides, and DNA microarray screening. Transgenic knockouts include germ-line genomic deletion of a target gene (21) , whereas conditional transgenic knockouts using inducible, gene-specific knockout provide an opportunity to eliminate a gene in a particular tissue rather than the entire organism (11) . As previously mentioned, transgenic animals are useful tools for the identification of therapeutic targets, distinction of target isoforms, differentiation of signaling pathways, generation of disease animals, and toxicological testing (13) . Ribozymes are RNAs that can catalytically cleave specific target sequences and may be used to functionally knock out genes both in vitro and in vivo (3) . Antisense oligonucleotides provide the opportunity to reduce message levels for any gene (18) . Antisense oligonucleotide technologies have also led to potential therapeutics (17) . DNA microarray screening can be used to measure gene expression levels in a high-throughput manner for target identification and to monitor changes in gene expression affected by drug treatment (5) . It is expected that genomic technologies will significantly impact drug discovery, and other methods to further enhance the development of novel therapeutics are most certainly forthcoming.
It is estimated that up to 10 000 targets for drug discovery may exist in humans. This will add significant scope to the current focus on approximately 500 targets that have been correlated with diverse diseases ranging from cancer to cardiovascular disease, osteoporosis, atherosclerosis, hematologic diseases, diabetes, obesity, and central nervous system diseases. Numerous strategic alliances have emerged among pharmaceutical and biotechnology companies, academic and/or government research groups. The spectrum of such collaborations varies from large-scale gene sequencing and analysis to focused genomic research in one or more specific disease areas, including various applications of high-throughput biological screening, combinatorial chemistry, structurebased drug design, and other drug discovery technologies (1, 16) . Nevertheless, the ultimate task to identify the causative genes for complex polygenic diseases (e.g., diabetes, asthma, atherosclerosis, and Alzheimer's disease) poses an extraordinary challenge to genomic technologies and drug discovery.
In this "Drug Discovery and Genomic Technologies" section, we have included articles that highlight progress in cancer vaccines, recombinant vascular targeting agents, and cDNA microarrays. In future issues, the concepts and impact of specific aspects of drug discovery and genomic technologies, including combinatorial chemistry, informatics, genomics and proteomics, high-throughput screening, structural biology, molecular modeling, and the development of new therapeutics, will be addressed. 
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